This study investigated the influence of the composition of self-etching primer adhesive systems on the morphology of acid-base resistant zones (ABRZs). One-step self-etching primer systems (Clearfil Tri-S Bond, G-Bond, and One-Up Bond F Plus) and two-step self-etching primer systems (Clearfil SE Bond, Clearfil Protect Bond, UniFil Bond, and Mac Bond II) were used in this study. Each adhesive was applied on prepared dentin disk surfaces, and a resin composite was placed between two dentin disks. All resin-bonded specimens were subjected to acid-base challenge. Observation under a scanning electron microscope (SEM) revealed the creation of an ABRZ adjacent to the hybrid layer for all the self-etch primer adhesive systems, even when non-fluoride releasing adhesives were used. The presence of fluoride in two-step self-etching adhesive significantly increased the thickness of ABRZ created. Results suggested that an ABRZ was created with the use of self-etching primer adhesive systems, but its morphology differed between oneand two-step self-etching primer adhesive systems and was influenced by fluoride release activity.
INTRODUCTION
In restorative dentistry, long-term durability of resin bonds to dentin is key to the long-term clinical safety and success of dental restorations. Advances in adhesive technology have simplified resin bonding via the development of self-etching primer adhesive systems, which carry these features and benefits: effective bonding to dentin 1, 2) , reduced technique sensitivity, reduced procedural steps and hence reduced chairside time. However, these benefits of convenience and time-saving are accompanied by a compromise in bond strength: one-step self-etching primer adhesive systems are more commonly associated with low bond strengths and bond failures than two-step self-etching primer adhesive systems 2, 3) . Inadequate marginal adaptation of composite restorations, which is associated with compromised bonding integrity, causes micro-gaps to be formed at the interface between restorative materials and cavity wall. These micro-gaps at the interface of restorations allow invasion of fluids and bacteria leading to secondary caries 1) , which is the most common reason given for the failure and replacement of restorations.
Tsuchiya et al. 4) reported that prevention of secondary caries around a restoration was influenced by the physical properties of adhesive materials, quality of hybrid layer, and fluoride release. With the use of self-etch primer adhesive systems, the adhesive resin impregnated the exposed collagen bundles and became entangled with them to create a hybrid layer. A thin layer known as "acid-base resistant zone" (ABRZ) was formed adjacent to the hybrid layer at the adhesivedentin interface after acid-base challenge 4) . ABRZ could resist against acid challenge, hence giving rise to the ability to resist demineralization and prevent secondary caries development.
ABRZ formation, in terms of morphological and mechanical characteristics, is greatly influenced by adhesive material composition. With a total-etch system such as Single Bond (3M ESPE, MN, USA), the top surface of the hybrid layer was degraded by acid-base challenge and no ABRZ was detected 5) . With one-and two-step self-etching primer adhesive systems, ABRZ was clearly observed adjacent to the hybrid layer 5) . For improved resistance against secondary caries, fluoride-containing adhesive systems were developed to inhibit the action of secondary caries arising from enamel cracks or microleakage at the tooth-restoration interface. Fluoride-releasing restorative materials are known for their ability to release and recharge fluoride, and for their antibacterial and cariostatic properties. It has also been found that use of fluoride-releasing adhesives caused a thick ABRZ to be formed adjacent to the hybrid layer, hence contributing significantly to secondary caries prevention 6) . Although a lot remained to be known about ABRZ, it has been clearly shown [4] [5] [6] that use of self-etching primer adhesive systems resulted in the formation of ABRZ adjacent to the hybrid layer. This implied the secondary caries inhibiting potential of self-etching primer adhesive systems. Using scanning electron microscopy (SEM), the purpose of this study was to investigate the effects of self-etching primer adhesive systems and fluoride release on ABRZ morphology.
MATERIALS AND METHODS
The compositions and manufacturers of the materials used in this study are listed in Table 1 .
Human tooth specimens
Extracted human molars were obtained under a protocol approved by the Ethical Committee at Tokyo Medical and Dental University. Before use, the teeth were cleaned of debris and then stored frozen. Each tooth was cut into one or two 1.5-mm-thick disks of approximately 1 cm diameter, parallel to the occlusal surface with a low-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA). The obtained dentin disks were ground with wet 600-grit silicon carbide papers under running water. One side of each dentin disk was applied with one of the adhesive systems according to each manufacturer's instructions.
A flowable resin composite (Metafil Flo, shade A2, Sun Medical, Moriyama, Japan) was placed between pairs of prepared dentin disks and light-cured for 40 s from the top and bottom surfaces to make a dentin disk sandwich. After 24-h storage in distilled water, each dentin disk sandwich was sectioned perpendicular to the dentinadhesive interface with a diamond saw. Sectioned specimens were embedded in an epoxy resin (EpoxiCure resin, Buehler, Lake Bluff, IL, USA).
Acid-base challenge
The exposed surfaces of epoxy resin-embedded specimens were subjected to an acid challenge by being immersed in 100 mL of a buffered demineralizing solution for 90 min, which contained 2.2 mmol/L CaCl2, 2.2 mmol/L NaH2PO4, and 50 mmol/L acetic acid adjusted to a pH 4.5 to create artificial secondary caries 7) .
To remove demineralized dentin collagen fibrils after acid challenge, specimens were immersed in 5% sodium hypochlorite for 20 min and then rinsed with running water for 30 s.
SEM observation
The edges of adhesives could be worn away during specimen polishing 8) . To prevent wear of the adhesives, a 4-META/MMA-TBB resin (Super-Bond C&B, Sun Medical, Moriyama, Japan) was applied on the treated surface without prior acid-etching. After curing of the 4-META/MMA-TBB resin, the specimens were sectioned perpendicular to the dentin-adhesive interface, reduced to a thickness of approximately 1 mm, and then polished with diamond pastes (Struers A/S, Ballerup, Denmark) down to 0.25 µm.
To bring the hybrid layer into sharp relief, the polished surfaces were etched with an argon ion beam 9) . The specimens were gold sputtercoated, and morphological changes to the dentinadhesive interface due to acid-base challenge were observed using a SEM (JSM-5310LV, JEOL, Tokyo, Japan).
RESULTS
For all the specimens, the 4-META/MMA-TBB resin protective layer successfully prevented the wear and damage of adhesives and resin composites. Figures 1-7 show the ultrastructures of the dentin-adhesive interfaces after acid-base challenge. The outer lesion, which was the dentin surface demineralized after acid-base challenge, was observed for all the self-etch primer adhesive systems. Depth of the outer lesion ranged from 5 µm to 15 µm, and there were no differences in the morphological appearance among the adhesive systems.
One-step self-etching primer adhesive systems
Under the magnifications used in this study, it was difficult to detect the hybrid layer. The ABRZ adjacent to the hybrid layer, ranging from less than 1 µm to more than 1 µm, was clearly observed for all the one-step self-etching primer adhesive systems (Figs. 1-3) .
For Clearfil Tri S Bond, dentin located next to the ABRZ was more eroded than in other areas of the dentin surface (Fig. 1) . Conversely for One-Up Bond F Plus, the top part of ABRZ sloped downwards toward the bottom of the outer lesion (Fig. 3) . 
Two-step self-etching primer adhesive systems
For Clearfil SE Bond, a hybrid layer (HA) of approximately 1 µm was detected after argon ion etching. ABRZ, which could be clearly seen, was approximately 1 µm thick (Fig. 4) . For Clearfil Protect Bond, approximately 1 µm of HA was detected. ABRZ was approximately 1 µm thick and the top part of ABRZ sloped downwards toward the bottom of the outer lesion (Fig. 5) .
For UniFil Bond, only a very thin ABRZ of less than 0.5 µm was observed. Like Clearfil Tri S Bond, dentin located next to the ABRZ was more eroded more than in other areas of the dentin surface (Fig. 6) .
For Mac Bond II, HA of more than 1 µm was detected. However, a very thin ABRZ of less than 0.5 µm was observed and it discontinued as in the case of UniFil Bond (Fig. 7) .
DISCUSSION
At the resin-dentin adhesive interface, the hybrid layer was defined by Nakabayashi et al. 9) as the structure formed in hard dental tissues by demineralization of the surface and subsurface, followed by infiltration of monomers and subsequent polymerization. Hybrid layer formation enhances resin-dentin adhesion, and good interfacial bonding is a decidedly important factor to delivering an optimal long-term clinical outcome for dental restorations. For this reason, numerous studies have employed electron microscopy tools, such as scanning electron microscopy (SEM) and transmission electron microscopy (TEM), to gain more insight into the morphological and mechanical characteristics of the resin-dentin interdiffusion zone: extent and uniformity of adhesive resin penetration into tooth substrates, appearance, length, and continuity of resin tags, quality of hybridization within the interdiffusion zone, and thickness of the hybrid layer [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Reports on hybrid layer thickness varied, with values ranging from less than 1 µm to approximately 13 µm in sound dentin 9, [19] [20] [21] . Lower values were reported for sclerotic dentin 18) , while higher values for demineralized dentine 22, 23) . Amongst the factors that affected hybrid layer formation, it seemed that the kind of adhesive system and application technique had a substantial influence on the extent and structure of the hybrid layer created. Studies have shown that two-step, self-etch adhesives produced clearly defined hybrid layers and resin tags with more lateral branches than one-step, self-etch adhesives.
In our previous study 8) , ABRZ was identified as part of the hybrid layer. Higher microhardness of the cariesaffected demineralized dentin 2 µm beneath the hybrid layer, created after the use of two-step self-etching primer adhesive system, supported the theory that ABRZ was composed of penetrated resin monomer and dentin partially demineralized by self-etching primer 8) . Watanabe et al. 24) reported that after mild acidic treatment with a self-etching primer adhesive system, TEM observation of the resin-dentin interface revealed hydroxyapatite particles being wrapped with resin monomer remaining beneath the hybrid layer. In another report by Nikaido et al. 25) whereby two one-step self-etching primer adhesive systems were used, SEM observation of the resin-dentin interface after acid-base challenge revealed that a hybrid layer less than 1 µm thick was created. An ABRZ was formed adjacent to the hybrid layer for both adhesives, and TEM observation also indicated that these ABRZs contained mineral components 25) . Yoshida et al. 26) also echoed that since mild self-etch adhesives demineralized dentin only partially, some hydroxyapatite crystals remained attached to the collagen fibrils within a submicron hybrid layer. These residual hydroxyapatite crystals could serve as receptors for chemical interaction with functional monomers in self-etch adhesive systems 27) . This meant that it was probable that differences in the functional monomers present in each adhesive system could affect the formation and morphology of ABRZs created.
Nikaido et al. 25) demonstrated that the thickness of ABRZs formed was material-dependent. In other words, the morphology of ABRZs created depended on the kind of adhesive system used, especially whether one-step or two-step self-etch primer adhesive systems were used. Figure 8 is a schematic illustration of the ultrastructures of the adhesive-dentin interfaces of one-and two-step self-etching primer adhesive systems after acid-base challenge in this study. Morphological characteristics of the ABRZs created were categorized into three pattern groups: (a) Clearfil Tri S Bond and UniFil Bond; (b) G-Bond, Clearfil SE Bond, and Mac Bond II; and (c) One-Up Bond F Plus and Clearfil Protect Bond. An ABRZ was clearly detected for all self-etch primer adhesive systems used in this study; nonetheless, morphological differences existed among the three pattern groups.
For Clearfil Tri S Bond and UniFil Bond, an eroded dentin area next to ABRZ was observed. This was probably because mild acid etching did not allow the resin monomers to penetrate the demineralized dentin fully and thoroughly, causing nanospace to remain beneath their ABRZs. For G-Bond, Clearfil SE Bond, and Mac Bond II, no erosion was observed. Among these three adhesive systems, the ABRZ created with Mac Bond II was thinner than those of G-Bond and Clearfil SE Bond. It was suggested that the monomer of Mac Bond II did not penetrate fully and cure completely as did the resin monomers of G-Bond and Clearfil SE Bond. For One-Up Bond F Plus and Clearfil Protect Bond, ABRZs with a downward slope were created probably due to fluoride release. In our previous study, we found that fluoride release from adhesives was a key factor to creating thick ABRZs 27) . Nonetheless, an ABRZ was created with both fluoride-free and fluoride-releasing self-etch adhesive systems and that formation of ABRZs with a downward slope was material-dependent 27) . The ABRZ is different from the inhibition zone which is formed due to fluoride release. ABRZs were formed despite adhesives being fluoride-free. According to Nikaido et al. 25) , application of one-step self-etching adhesive systems created an ABRZ at the underlying dentin, which reinforced normal dentin against dental caries. This zone was named "Super Dentin". Formation of "Super Dentin" is a new approach in caries prevention 25) . For ABRZs, their formation should be related not only to the amount of fluoride released from a fluoride-containing adhesive, but also to the ability of adhesive monomers to infiltrate into the demineralized dentin.
CONCLUSIONS
Within the limitations of this study, the following conclusions were drawn:
1. ABRZ is composed of a mixture of penetrated resin monomer and dentin partially demineralized by self-etching primer, suggesting that ABRZ is part of the hybrid layer according to the latter's definition 9) . 2. The existence of ABRZ suggested that resin monomers could penetrate into dentin deeper than previously reported.
